son crops such as pulses can leave greater residual soil water, particularly below the root zone (Merrill et al., and Kassam, 1988; Gregory, 1989; Roder et al., 1989) . use of water requires not only a knowledge of water use by each crop, but also the spatial and temporal aspects of water depletion within the soil profile and throughout the growing season and during winter fal-I n the semiarid Southern High Plains, plant-available low. Moreover, the success of a particular rotational water is the factor most limiting to yield potential. strategy may be influenced by tillage practices. Our Minimum and NT practices, however, have enabled imstudy objectives were to (i) monitor cowpea, sorghum, provements in water storage efficiency (Jones and Johnand sunflower root distribution and associated soil water son, 1983; Baumhardt et al., 1985) thereby depletion patterns over two seasons under NT and SMT potentially allowing for continuous cropping and the management and (ii) to evaluate differences in RLD elimination of summer fallow. Although continuous sorand soil water depletion among crops and between tillghum may be feasible (Jones and Popham, 1997), crop age systems. rotations may permit greater management of weed infestations (Blackshaw, 2003) and allow for the storage MATERIALS AND METHODS and subsequent utilization of water and nutrients over different soil depths (Merrill et al., 2002) . Sorghum and 
flower because many varieties mature rapidly and thus use of water requires not only a knowledge of water use by each crop, but also the spatial and temporal aspects of water depletion within the soil profile and throughout the growing season and during winter fal-I n the semiarid Southern High Plains, plant-available low. Moreover, the success of a particular rotational water is the factor most limiting to yield potential. strategy may be influenced by tillage practices. Our Minimum and NT practices, however, have enabled imstudy objectives were to (i) monitor cowpea, sorghum, provements in water storage efficiency (Jones and John- and sunflower root distribution and associated soil water son, 1983; Baumhardt et al., 1985) thereby depletion patterns over two seasons under NT and SMT potentially allowing for continuous cropping and the management and (ii) to evaluate differences in RLD elimination of summer fallow. Although continuous sorand soil water depletion among crops and between tillghum may be feasible (Jones and Popham, 1997) , crop age systems. rotations may permit greater management of weed infestations (Blackshaw, 2003) and allow for the storage MATERIALS AND METHODS and subsequent utilization of water and nutrients over different soil depths (Merrill et al., 2002) . Sorghum and (Jones and Johnson, 1983; Shackel and Hall, 1984 ; Jafaar tolls) with Ͻ1% slopes and developed from fine-textured sediet al., 1993). In contrast, shallow-rooted and short-seaments largely of eolian origin. Typically, the Pullman clay loam has a surface plow horizon (Ap) that is about 0.18 m (Table 1 ). Up to twelve 50-mm length root rows within each plot and randomized within replicate blocks samples were subdivided from each soil core extracted to a (Table 1) . Previously, NT wheat (Triticum aestivum L.) was maximum depth of 2.1 m. Soil cores were taken from within planted on the experimental area and was harvested in July and between crop rows at two locations within each plot rep-1999. The stubble mulch treatment (Jones and Popham, 1997) licate. Cores were composited by depth and row position. was implemented after wheat harvest and the area was left fallow After soaking each sampled core segment overnight in 5% until the spring of 2000. Weed control and seedbed preparation w/w sodium hexametaphosphate solution, a hydropneumatic in the stubble mulch plots were achieved using a plow with elutriation system (Smucker et al., 1982) with 0.4-mm screens 0.45-m wide sweeps at tillage depth of approximately 0.1 m.
was used to separate roots from soil. After separation, roots Plots were sweep-tilled once after harvest and twice during were stored in 50% v/v isopropyl alcohol at 5ЊC. Extraneous the spring. Changes in near-surface soil physical properties material such as residue and dead roots that were retained resulting from sweep tillage are discussed by Schwartz et al. on the sieve were manually separated from live roots. Gray (2003) . Weeds on NT plots were controlled using glyphosate scale images were acquired using a flat-bed optical scanner [N-(phosphonomethyl) glycine] during fallow. Bicep (atrazinewith roots immersed in a tray of water. Total root length for metolachlor; Ciba-Geigy, Ardsley, NY) was applied as a preeach core sample was calculated with the automatic threshemergence herbicide to control weeds on sorghum plots and olding algorithm of WinRHIZO (Regent Instruments, Inc., Prowl (pendimethalin; American Cyanamid, Parsippany, NJ) 2001) and counts of skeleton pixels with corrections for diswas applied without incorporation before planting on cowpea placement direction and root overlap (Bauhus and Messier, and sunflower plots. Based on soil tests, a blended fertilizer 1999). containing diammonium phosphate was applied to supply 31
Mixed linear model analysis for a split-plot design (Littell kg N ha Ϫ1 and 34 kg P ha Ϫ1 before planting crops each year. et al., 1996) was used to test for tillage and crop effects for At the end of the growing season, grain was hand sampled in each year of the experiment. Differences in RLD and water two subplots (four rows by 5 m) to calculate yield. contents between tillage system and among crops were comSoil water contents were measured weekly from 0.10-to pared for each soil depth increment and day of year using 2.30-m depth, at 0.20-m intervals with a neutron moisture probability level P ϭ 0.05. Contrasts were used to test for differences among crops.
1 The mention of trade or manufacturer names is made for information only and does not imply an endorsement, recommendation, or exclusion by the USDA-ARS. during these two years, water received during small pre- cipitation events were likely lost to evaporation (Ji and upper 0.5 m of the soil profile and decreasing progressively Unger, 2001). Precipitation was better distributed throughwith depth ( Fig. 1) . During the 2000 season, RLD of out the 2001 growing season but still much lower than sorghum and sunflower near the surface increased rapthe long-term average. Drainage was estimated throughidly at the beginning of the season and decreased after out each growing season by calculating weekly flux about midseason (Fig. 2) . Root length density in the based on the gradient in water content measured at 2.1 subsoil, however, tended to increase throughout the growand 2.3 m, water retention measurements of this layer ing season, particularly for sorghum and sunflower. In (Moroke, 2002), and conductivity estimates for similar most cases, tillage did not significantly (P Ͼ 0.05) affect calcic horizons (Baumhardt and Lascano, 1993) . Estithe RLD of crops at all sampling depths throughout mated seasonal fluxes under all crops were negligible both growing seasons. However, in the later part of the (P Ͼ 0.05) except for sunflower in 2000 where it was 2000 season, there was a tendency for RLDs deeper in estimated that 50-mm water moved upward into the the profile to be greater in NT as compared to SMT 2.2-m control section probably as a result of intense soil plots (Fig. 1 ). Total root length over the entire profile drying below 1.7 m by root uptake of water.
RESULTS AND DISCUSSION
was not influenced by tillage and attained maximum values of 300, 220, and 110 cm cm Ϫ2 for sorghum, sun-
Root Growth and Distribution
flower, and cowpea, respectively. Root length density can vary greatly among crop spePatterns of root growth in the soil profile for all crops were characterized by the greatest RLD occurring in the cies under differing environmental conditions (e.g., Fisher (Fig. 1) .
Commonly, RLD under humid or subhumid climates is greater near the soil surface and decreases with increasing soil depth, but this growth pattern can be reversed under water limiting conditions (Merrill and Rawlins, 1979; Fisher and Dunham, 1984; Miyazaki et al., 1993; Merrill et al., 2002) . In 2000, RLD of sorghum and sunflower near the surface under NT (Fig. 2 ) and under SMT (not shown) tended to decrease later in the season possibly because of root senescence and eventual death brought on by intense evaporative drying and high soil temperatures. In contrast, RLD at lower depths tended to increase throughout the growing season. A similar decrease in the RLD of cowpea later in the season may not be evident under NT (Fig. 2) because the crop was harvested before the final root sampling date in 2000. In 2001, changes in RLD near the soil surface between the last two sampling dates were less pronounced than in 2000 probably because of the additional rainfall received in August 2001. Nevertheless, these results suggest that the root systems of sorghum and sunflower may have the ability for compensatory growth to increase or relocate maximal RLD to regions of greater water content in the soil profile thereby maintaining plant growth under dry conditions (Rendig and Taylor, 1989) .
Soil Water Depletion Rates and Patterns
Soil water content distributions with respect to soil depth for cowpea, sorghum and sunflower throughout the 2000 and 2001 growing seasons and for each of the tillage treatments are shown in Fig. 3 and 4 . In 2000, cowpea water depletion was concentrated in the upper file below 1.5 m suggest that cowpea extracted water to depths exceeding 2.0 m, especially under NT. Suppleand Dunham, 1984; Bunting and Kassam, 1988) . The mental precipitation in August and September extended range in RLDs measured for the three crops exhibited the 2001 growing season for this indeterminate cowpea a considerable degree of variation but reflect RLD meacultivar (Table 1 ) and likely permitted greater depletion surements found in the literature for dryland (water of soil water at greater depths as compared to the 2000 limiting) conditions. Maximum RLDs for cowpea were season. Significant amounts of soil water were depleted 2.04 and 1.26 cm cm season were similar among crops at all depths, however, season (Fig. 3) indicates the additional water extracted by sorghum and sunflower as compared to cowpea were NT plots had significantly (P ϭ 0.0013) greater water contents than the SMT plots at the surface (0-0.2 m) principally derived from the 0.9-to 1.7-m soil depths under NT and 0.5-to 1.1-m soil depths under SMT. depth increment (Fig. 3) because of reduced evaporation during fallow. Initial water contents at the beginRecharge of soil water throughout the winter fallow was similar under NT and SMT but significantly greater ning of the 2001 season were also greater under NT plots near the surface as compared to SMT (Fig. 4) but under sorghum as compared to cowpea. These differences were not a result of drainage because precipitation the water content distributions were also influenced by the previous crop.
penetrated to a maximum depth of 1.5 m and water contents at lower depths did not change significantly In 2000, total soil water depletion to a 2.4-m depth averaged 114 mm across tillage treatments for cowpea during this time period. Lower fallow efficiencies under cowpea and sunflower as compared to sorghum (Table 3 ) but was nearly twice as much for plots planted to sorghum and sunflower (Table 3) . Statistical comparisons may have resulted from increased runoff and evaporation as a consequence of lower aboveground biomass of soil water contents at the end of the first growing production and the correspondingly low residue cover by lower winter fallow efficiencies under the warmer climate of the Southern Great Plains. under both cowpea and sunflower. During the 2001 season, soil water depletion was significantly greater under Tillage did not significantly influence the rate of total soil water depletion during the 2000 and 2001 growing sorghum as compared to cowpea and sunflower (Table 3) . Overall, residual water contents at the end of the growseasons (Table 3) . However, greater RLDs ( Fig. 1) and correspondingly greater decreases in water content deeper ing season under cowpea ranged from 28 to 93 mm greater than under sorghum for these two years. Similar in the profile for all crops under NT suggest that water was extracted from deeper depths under NT as comcomparisons of water depletion by Merrill et al. (2003) in North Dakota also demonstrated that from 80 to pared to SMT. Consequently, greater grain yields under NT (Table 1 ) may have resulted from improved access 110 mm more soil water following dry peas as compared to sunflower. In the present study, soil water gains obto stored soil water deeper in the profile as well as reduced evaporation near the surface. Paired comparitained using a pulse crop seemed to be partially offset sons of soil water depletion below 1.2-m depth for cowghum and cowpea (Fig. 5 ). However at 80 to 90 d after planting, soil water depletion rates at all soil depths pea and 1.6-m depth for sorghum indicate that approximately 8 mm (P ϭ 0.0231) and 14 mm (P ϭ 0.0013) under sunflower in both NT and SMT plots approached zero. In contrast, water depletion rates under sorghum more soil water was depleted under NT as compared to SMT for cowpea and sorghum, respectively. No tillage during this period were near maximal at the 1.0-to 1.8-m soil depth increments (Fig. 5) . Toward the end sunflower depleted 5 mm more water than SMT sunflower below 1.6-m soil depth although these differences the season, differences in soil water content throughout the entire profile between sorghum and sunflower were were not significant. Deeper extraction of soil water under NT may be a result of more rapid establishment not significant. High rates of soil water depletion by sunflower in deep soil layers resulting from rapid rates and growth of crops under more favorable conditions, especially greater soil water contents near the surface of vertical root extension have also been reported by Stone et al. (2001) . (Fig. 3 and 4) . This synergistic effect of improved water status permitting water extraction to greater depths has also been reported by Merrill et al. (1996) .
CONCLUSIONS
All soil water content distributions for sorghum and sunflower ( Fig. 3 and 4) toward the end of the growing
Crop species and year significantly influenced soil water depletion patterns under extreme water limiting season exhibited a region below 1.0-m depth where water contents were depleted to a greater extent than the conditions. Cowpea had shallower rooting depths than sunflower and sorghum. Most of the water depleted region above. In addition, the relatively large water depletion rates at the 1.0-to 1.4-m and 1.4-to 1.8-m under cowpea was at soil depths less than 1.0 m. Greater amounts of precipitation in the later part of one growing depth increments (Fig. 5 ) suggest that this region was important source of stored water for sorghum and sunseason may have permitted greater root extension and water depletion at depths greater than 1.0 m for this flower later in the growing season. The soil depth of approximately 1.0 m in the soils of this field roughly indeterminant cowpea cultivar. Water contents in a 2.4-m profile after cowpea ranged from 28 to 93 mm corresponds to the interface between a calcic horizon below and a fine-textured Bt horizon above. Apparmore than after sorghum but these gains were partially offset by lower winter fallow efficiencies under cowpea. ently, the calcic horizon was an important source of stored water for sorghum and sunflower in the latter Utilization of a determinant cowpea cultivar combined with NT management would help maximize the amount part of the growing season. Water depletion in the calcic horizon under cowpea was significantly lower as comof water available for subsequent crops. The RLD of crops during an extremely dry season pared to sunflower and sorghum probably because RLDs of cowpea at depths greater than 1.0 m were tended to decrease mid-season at shallow soil depths whereas RLD increased throughout the growing season insignificant (Moroke, 2002) . In addition, cowpea may exert a lower suction and hence smaller water uptake at deeper soil depths. These changes parallel the trend in maximum water depletion from successively deeper as compared to sorghum and sunflower (Bunting and Kassam, 1988) . layers as the season progressed. The rate of root growth and water depletion was significantly greater under sunThe rate of soil water depletion by all crops exhibited a trend of maximum water extraction from successively flower as compared to sorghum during the 2000 growing season. Because sorghum reached maturity later in the deeper layers as the season progressed (Fig. 5) . Significant water depletion by cowpea was limited to the upper growing season, however, total water depletion in 2000 was approximately the same for sunflower and sorghum. 1.0-m soil layer while sorghum and sunflower effectively extracted water up to 1.8-cm depths. At about 50 d after During 2001, poor establishment of sunflower limited root growth and water extraction from depths greater planting, soil water content was significantly (P Ͻ 0.05) lower under sunflower than both cowpea and sorghum, than 1.5 m and was probably responsible for the lower water depletions as compared to sorghum in 2001. Beprincipally at soil depths of 0.3 to 0.9 m. These differences are demonstrated by a greater soil water depletion low 1.0-m soil depth, the calcic horizon was an important source of stored water for sorghum and sunflower in rate at the 0.6-to 1.0-m depth increment early in the 2000 growing season for sunflower as compared to sorthe latter part of the growing season. Root length densities and seasonal water depletion storage of water throughout the entire soil profile but also may allow access to stored water by subsequent in 2000 were slightly greater at deeper depths under NT as compared to SMT for all crops. This may have recrops with deeper rooting systems. sulted from improved water status near the surface of NT plots that allowed a more rapid crop establishment ACKNOWLEDGMENTS and growth early in the season and higher grain yields.
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